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Atomic Layer Deposition (ALD) is a vapor phase technique which is able to de-
posit uniform, conformal thin films with an excellent thickness control at the atomic
scale. 18 nm thick Al2O3 and TiO2 coatings were deposited conformaly and
pinhole free onto micron-sized Cu powder, using trimethylaluminum (TMA) and
tetrakis(dimethylamido)titanium(IV)(TDMAT) respectively as a precursor and de-ionized
water as a reactant. The capability of the ALD coating to protect the Cu powder against
corrosion was investigated. Therefore the stability of the coatings was studied in solutions
with different pH in the range of 0-14, and in-situ raman spectroscopy was used to detect
the emergence of corrosion products of Cu as an indication that the protective coating starts
to fail.
Both ALD coatings provide good protection at standard pH values in the range of 5-7.
In general, the TiO2 coating shows a better barrier protection against corrosion than the
Al2O3 coating. However for the most extreme pH conditions, pH 0 and pH 14, the TiO2
coating starts also to degrade.
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I. INTRODUCTION
Atomic Layer Deposition (ALD) is a chemical vapor growth method for the deposition of uni-
form thin films with thickness control at the atomic scale.1,2,3,4,5 Due to the self-limiting nature of
the gas-solid surface reactions in ALD, it is possible to grow highly conformal inorganic coatings
onto large scale substrates with complex topologies.6,7,8,9 In recent years, ALD has extensively
been explored to study the surface functionalization of powders.10 ALD coating of powders is used
in a wide range of applications as e.g. for the protection of metal powder against oxidation11,12,
for the encapsulation of moisture sensitive powder13 and catalytic activation.14 In this research,
we investigate the ability of ALD to protect Cu powder against corrosion.
Copper is a metal with a high thermal conductivity and is used for a wide range of applications in
water plumbing and heat exchanger.15,16,17 Copper is reasonably corrosion resistant, however it
has a finite corrosion rate in pure water which causes defects over time. The corrosion rate depends
on the temperature and the pH of the solution and the dissolved species in the water.18,19,20,21 Bar-
rier coatings are often used in order to protect the substrate against corrosion. A wide range of
techniques have been used for the deposition of barrier coatings, e.g. chemical vapor deposi-
tion (CVD),22,23,24 electrodeposition25,26,27 and plasma treatment.28 Recently, a lot of research
has been done on ALD coatings protecting aluminum (alloys)29,30, silver articles31 and stainless
steel32 against corrosion. Abdulagatov et al.33 studied ZnO, Al2O3, TiO2 and Al2O3 layers with
a capping of TiO2 on a planar Cu substrate to prevent water corrosion. The combined ALD layer
of Al2O3 and TiO2 was able to protect the copper for 80 days in water at a temperature of 90
◦C.
Daubert et al.34 studied the stability against corrosion of different ALD coatings: Al2O3, TiO2,
ZnO, HfO2, and ZrO2. They found the best initial corrosion protection by the Al2O3 and HfO2
coatings. However HfO2 coatings showed the best film quality after an extended exposure.
In this work, we aim to deposit uniform, conformal and pinhole free layers of Al2O3 and TiO2
on micron-sized Cu powder. We will investigate if the ALD coatings can protect the complex
3D-shaped powder surface against corrosion. The stability of the coatings was investigated in
solutions with a pH value in the range of 0-14, using in-situ Raman spectroscopy.
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II. EXPERIMENTAL
The ALD depositions were carried out in a home-built rotary pump-type ALD reactor for
powders.35,36 The powder is contained in a stainless steel container with a membrane at the front
and the back. In this way, the gasses can flow through the membranes and the container, where
it will react with the powder, while the powder is forced to stay in the container. During the
deposition, the powder container is rotating (rotation speed of 35 rotations per minute) to ensure a
proper agitation of the powder which enables the deposition of a conformal coating on the pow-
der. Contrary to the often used fluidized bed reactors,37 the ALD reactor used in this study is a
pump-type reactor, which means that no purge gas is used to evacuate the ALD chamber after a
precursor/reactant pulse. Instead, a turbomolecular pump is used to pump the reaction products
and excess of precursor/reactant molecules away. In that way, the base pressure of the reactor was
kept at 1x10−5 mbar.
During this research, dendritic Cu powder was used with an average particle size< 45µm. (Sigma
Aldrich) The Al2O3 coating was deposited using TMA (trimethylaluminium, TMA, 97% Sigma
Aldrich) as a precursor and de-ionized H2O as a reactant. The partial pressure was regulated with
a needle valve and kept at 1x10−3 mbar for TMA and 2x10−3 mbar for H2O. One ALD cycle
consisted of 20s TMA pulse time - 60s pump time - 20s H2O pulse time - 60s pump time. The
Al2O3 deposition consisted of 150 ALD cycles targeting a coating thickness of 18 nm. The tita-
niumoxide coating was deposited using TDMAT (tetrakis(dimethylamido)titanium(IV), 99,999%,
Sigma Aldrich) as a precursor and de-ionized H2O as a reactant. The bubbler of the TDMAT
precursor was heated to 40◦C, to increase the partial pressure to 5x10−4 mbar. One ALD cycle
consisted of 20s TDMAT pulse time - 60s pump time - 20s H2O pulse time - 60s pump time. The
TiO2 deposition consisted of 300 ALD cycles, targeting a coating thickness of 18 nm.
During the deposition, the temperature of the powder was kept at 100◦C, using an external
furnace. The precursor lines and the reactor walls were heated to 90◦C to avoid the creation of
coldspots, where the precursor/reactant possibly could condensate.
The presence of the coating was investigated using a FEI Quanta 200 F Scanning Electron Mi-
croscope (SEM) and Energy Dispersive X-ray spectroscopy (EDX) with the electron beam energy
operated at 15 keV. To investigate the uniformity, conformality and the thickness of the coating,
the coated Cu powder was studied with Transmission Electron Microscopy (TEM), using a FEI
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Osiris microscope with an operating voltage at 200kV. The particles were first crushed in a solu-
tion with ethanol after which the solution is deposited on the Au-TEM grid, in order to prepare
the sample for the measurements. With high angle annular dark field scanning transmission mi-
croscopy (HAADF-STEM), one can distinguish the core materials from the coating, because the
intensity is proportional to Z2 with Z the atomic number.
We also investigated the capacity of the coatings to act as a barrier to protect the powder against
corrosion. Therefore, the stability of the coatings was studied at room temperature in several so-
lutions with different pH values or anions with in-situ Raman spectroscopy. The Horiba Scientific
LabRAM HR Evolution with excitation through a green laser (532nm) (max. 1mW - objective
50x) Raman spectrocope was used. The effect of extreme pH conditions was investigated, using
solutions of 1M HNO3 and NaOH, resulting in a pH value of 0 and 14 respectively. By lowering
the concentration of the previous solutions, less extreme conditions could be studied. Solutions
with 10−2M of NaOH and HNO3, resulted in pH conditions of 2 and 12 respectively. Solutions in
an intermediate pH range are studied with solutions of 10−2 M NaNO3 and 10
−2 M NaNO3 with
10−3 M NaOH resulting in a pH of 5 and 7. The effect of a chloride environment on the ALD
coating was studied in a 0.5M NaCl solution (standard corrosive).
The suspensions were prepared in small bottles (5mg/ml). At different exposure times, a small
amount of the Cu-powder was put on a cavity microscope slide in a drop of solution and Raman
measurements had been performed.
III. RESULTS AND DISCUSSION
HAADF-STEM measurements were performed to determine whether the particles were coated
in a uniform, conformal way. EDX elemental maps gave a fast indication about the presence of the
coating. In Figure 1a the HAADF-STEM image and EDX mappings are shown for a Cu powder
grain, coated with Al2O3. The mapped intensities for Al, O and Cu are shown. Al and O signals
are clearly visible around the particle, confirming the presence of the Al2O3 coating.
In Figure 1b an HAADF-STEM image and EDXmapping are shown for a Cu particle, coated with
TiO2. The mapped intensities of Ti,O and Cu are shown. Ti and O can be observed, indicating
the presence of the TiO2 coating. Both EDX-mappings demonstrate the presence of an uniform
coating.
By the combination of STEM imaging with different tilt angles and EDX analysis, one can observe
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[H]
FIG. 3. Raman spectra of uncoated Cu powder (a), Cu powder coated with 18 nm of Al2O3 (b) and Cu
powder coated with 18 nm of TiO2 (c) suspended in a solution with pH 12.
that for both cases the ALD coating is uniform and conformal on the entire particle outer surface.
FIG. 1. HAADF-STEM image and EDX-mapping of Cu powder coated with 150 ALD cycles of TMA/H2O
(a) and 300 ALD cycles of TDMAT/H2O (b).
FIG. 2. HAADF-STEM image of Cu powder coated with 150 cycles of TMA/H2O (a) and 300 cycles of
TDMAT/H2O.
The thickness of the coating layers was determined based on HAADF-STEM images, as shown
in Figure 2 for the Cu powder coated with Al2O3 (a) and the powder coated with TiO2 (b). A clear
difference in intensity between the Al2O3 respectively TiO2 layer and the Cu particle, makes it
possible to determine the thickness of the coating. The thickness of the coating was measured for
different particles on different positions. The average coating thickness of the Al2O3 coating was
19.8 ± 0.7nm after a deposition of 150 ALD cycles, corresponding with a growth per cycle of
0.132 nm which is in agreement with the growth per cycle of 0.133 nm for the same ALD process
under similar conditions, reported in literature.38 The TiO2 coating has an average thickness of
18.5 ± 0.6 nm after a deposition of 300 ALD cycles, corresponding to a growth per cycle of
0.062 nm. This value is in agreement with the growth per cycle of 0.065 nm reported for the
TDMAT/H2O depositions with similar process parameters.
39
a. Raman spectroscopy The stability of both ALD coatings was tested under different pH
conditions, in the range of pH 0 to pH 14. Raman spectroscopy was performed after several
time steps. Depending on the pH of the solution and the presence of different anions, different
copper corrosion products can be formed.40 As an example, Figure 3 shows the Raman spectra
(normalized) of the uncoated Cu powder (a), the Cu powder coated with Al2O3 (b) and the Cu
powder coated with TiO2 in a pH environment of 12. After two days, the uncoated Cu powder
starts to corrode as indicated by the mixed copper oxide Cu4O3 detected by Raman spectroscopy.
After 4 days, the Cu sample coated with Al2O3 turned black and a mixture of Cu4O3 and CuO
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[H]
FIG. 4. Corrosion-stability of uncoated Cu powder (a), Cu powder coated with 18 nm of Al2O3 (b) and
Cu powder coated with 18 nm of TiO2 (c) exposed to solutions with a pH in the range of 0-14. A green
square indicates that no corrosion products could be detected in the Raman spectra. A red dot indicates the
occurence of a corrosion product in the Raman spectra.
TABLE I. Raman fingerprint of copper corrosion products.
Copper corrosion product Characteristic Wavenumbers
(cm−1)41,42
CuO 296 - 346 - 631
Cu2O 218 - 410 - 630
Cu4O3 540
Cu2OH3Cl 515 - 3312 - 3354 - 3441
could be measured at the powder. Later, the CuO contribution became stronger. In contrast, the Cu
powder coated with TiO2 remains stable for 15 days, no corrosion products could be detected and
no color changes could be observed. Table I gives an overview of the observed corrosion products
with corresponding characteristic wavelength.
Figure 4 shows an overview of the corrosion resistance of the uncoated and coated powders
suspended in a solution with a pH in the range of 0-14. A green square indicates that the powder
is still resistant to the corresponding pH after the indicated time, as indicated by the absence of
detectable corrosion products in the Raman spectra. A red circle indicates the presence of features
related to corrosion products in the corresponding Raman spectrum.
In the nitric acid, HNO3 (pH 0), the uncoated powder started to degrade after 1h. The Cu powder
coated with Al2O3 dissolved completely after 20h. Only a blue solution of Cu(NO3)2 remains.
After 20h, also the Cu powder coated with TiO2 becomes darker and starts slowly to degrade by
forming Cu(NO3)2.
In the NaOH solution (pH 14), the Cu powder coated with Al2O3 turned black after 20h and Cu2O
as corrosion product could be observed. In contrast, the Cu powder coated with TiO2 remained
reddish and no corrosion products could be identified. In a pH 2 solution, the Cu powder coated
with Al2O3 started to degrade after 4 days and Cu2O could be measured (after 2 days for uncoated
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[H]
FIG. 5. Raman spectra of the Cu powders in an acid solution (pH 2) (a) and chloride solution (0.5 M NaCl)
(b) from the moment the corrosion products have been detected.
Cu). The Cu powder coated with TiO2 remained stable after 15 days. Only after 4 weeks, a weak
Cu2O-signal was measured. This is illustrated in Figure 5a.
In the pH 5 and 7 solutions, the blank Cu powder started to degrade after 4 days forming Cu2O.
The Cu powder coated with Al2O3 coating started to degrade after a week in the pH 5 solution, by
forming Cu2O. After 4 weeks, this powder started also to degrade in the pH 7 solution, reacting
to CuO. In contrast, the Cu powder coated with TiO2 remained stable for 4 weeks in these neutral
solutions.
The last corrosion test in NaCl, showed the formation of Cu2(OH)3Cl at the uncoated Cu pow-
der after 3 days. After one week, this corrosion product plus Cu2O is also found at the Al2O3
coated powder and just after 4 weeks a weak signal is noticed at the TiO2 coated powder, as is
illustrated in Figure 5b.
b. Pourbaix diagram The stability of a metal-aqueous interaction system is often summa-
rized in a Pourbaix diagram.40 It is a type of phase diagram, where the regions of immunity,
passivation and corrosion are shown as a function of the pH (acidity) and Eh (standard hydro-
gen electronic potential). In the immunity region, no metal dissolution occurs, in contrast to the
corrosion region where active metal dissolution occurs. In the passivation region, a protective met-
aloxide film is formed which prevents metal dissolution. The Pourbaix diagrams predict that the
Al2O3 coating will only be stable for a pH range of 4-9,
43 while the TiO2 coating will be stable
for the entire pH range.44 The studied ALD TiO2 coating stayed stable in a pH of 2 and 12 in
contrast to the Al2O3 coating as predicted by the pourbaix diagrams. For the solutions with the
most extreme pH of 0 and 14, we would expect the TiO2 coating to remain stable, however degra-
dation occurs. We have to remark that Pourbaix diagrams are derived for crystalline metal(oxide)s,
but the deposited ALD coatings are amorphous and have a lower density compared to bulk TiO2,
potentially explaining the reduced stability of the TiO2 coating under the most extreme conditions.
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IV. CONCLUSION
Micron-sized Cu powder was coated with circa 18 nm of Al2O3 and TiO2 using a pump-type
rotary ALD reactor. SEM/EDX showed the presence of the coatings and HAADF-STEM and
EDX measurements illustrated the uniformity and conformality of both coatings. To investigate
whether the coatings can protect the Cu powder against corrosion, the stability of the coated pow-
der was tested in solutions with different pH values and in standard NaCl solution. In-situ Raman
spectroscopy was used to detect corrosion products when the coating starts to fail and the powder
begins to corrode.
For non-extreme pH values, both ALD coatings provide a good protection against corrosion, which
suggests the pinhole free nature of the coating. In general a better barrier performance is found
for the TiO2 coated Cu powder. However, in the most extreme pH conditions of pH 0 and pH 14,
the TiO2 coating starts to degrade too, in contrast to bulk TiO2 which remains stable as shown by
Pourbaix diagrams in literature. The amorphous structure and the lower density of the TiO2 ALD
coating may cause this different behavior.
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